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Abstract
Natural gas storage that is, the use of a subsurface reservoir as a temporary storage site for natural gas is a well-
established and proven mechanism of accumulating natural gas for future use. Similarly, temporary storage or 
buffering of CO2 involves injecting CO2 into a storage reservoir and subsequently recovering it for optimized
deliverability of CO2 to enhanced oil recovery (EOR) operations. Since natural gas storage is the closest analogue to
CO2 buffering, it is valuable to understand the similarities and differences between the two processes, so that we may 
draw useful insights for CO2 buffering from experience with natural gas storage. In this study, we simulate the
injection and withdrawal of CH4 and CO2 respectively in a saline aquifer, using an ensemble of geological
realizations of an actual field with heterogeneously distributed rock properties. The results indicate that a formation 
that is likely to be suitable for CH4 storage is also likely to perform well as a CO2 buffering station, and vice versa. 
Due to its greater mobility, CH4
co- For those geologic realizations that accepted the
target pad gas injection, subsequent recovery of gas (whether CO2 or CH4) was also good. Hysteresis plots (reservoir 
stabilizes after about 5
years of cycling gas injection / production, leading to associated stabilized deliverability of the storage site over time.
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1. Introduction
CO2 flooding is a proven tertiary recovery method used to increase oil production in mature oilfields. 
Although the main sources of CO2 for EOR have historically been natural reservoirs of CO2,
anthropogenic CO2 has gained increasing interest in recent years for EOR usage. Some of the roadblocks
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to utilizing anthropogenic CO2 involve high capture and facilities costs. In addition, the CO2 supply from 
an industrial point source such as a natural gas power plant is very erratic, while a stable and steady 
supply of CO2 is operationally desirable for a CO2 flood. This mismatch in supply and demand for CO2 
provides the incentive for CO2 buffering: injecting CO2 into a storage reservoir and subsequently 
recovering it for EOR processes converts an unsteady CO2 supply into a reliable stream for EOR. In this 
paper, we simulate the injection and withdrawal of CH4 and CO2 respectively in a saline aquifer, and 
compare the performance of the storage operation as a function of the geologic realization and the fluid 
properties. 
2. Model Description and Fluid Characteristics 
2.1  Model characteristics and set-up 
The modeled saline aquifer is part of the Inyan Kara in North Dakota; it has a low-relief anticline that 
is laterally extensive. Because of its excellent reservoir properties, the aquifer is currently used for salt 
water disposal and forms a prime candidate for CO2 storage. In order to capture the overall reservoir 
uncertainty of this aquifer, multiple geological realizations were generated. 
With porosity and permeability data available from well logs and core analysis, a geological 
conceptual model, known as a training image, was created. The training image consists of   several 
geological facies  specifically: sand channels, mud bodies, and shale barriers  in certain spatial 
orientations. Using the training image, 500 realizations were created using Single Normal Equation 
Simulation (SNESIM), a multi-point simulation algorithm [1]. A multi-point simulation aims at 
replicating patterns from the training image and correlating them to the observation data.   
All in all, the purpose of creating multiple realizations is to explore the uncertainty space in 
characterizing the reservoir. It would be very time-consuming to run flow simulations using all 500 
realizations, so several statistical algorithms were used to select a subset of 55 models that had the most 
dissimilar stationary features among all models. Specifically, the following statistical algorithms were 
used sequentially  [2], Multidimensional Scaling [3], and Silhouette Clustering [4]; 
selecting 55 realizations from the original 500 in this way allowed for a significant reduction in 
computational time without reducing the overall uncertainty space encapsulated in the full set of 
geological realizations.  
realizations, the aquifer salinity is set at 11,000 ppm total dissolved solids (TDS) and the vertical 
permeability to horizontal permeability ratio is set at kv/kh = 0.1. The active model domain is 4000 m by  
6000 m (horizontal) by 110 m (vertical) using 30,000 grid blocks. The fundamental grid block size is 200 
m by 200 m (horizontal) by 2 m (vertical). A 600-m long horizontal bi-directional injection/production 
well was placed 12 meters below the cap rock, and grid blocks around the well location are refined to a 
size of 50 m x 50 m x 2 m. Three-dimensional views of several realizations are shown in Figure 5. 
2.2 Operational schedules of buffering scheme 
The CO2 supply from a natural gas power plant is highly erratic and unpredictable. However, to model 
the buffering system in a simplified way, we simulated CO2 injection and withdrawal into a saline aquifer 
according to the following regular operational schedule (see Figure 1(a)): 
(i) Inject CO2 at a rate of 0.5 Mt/year (2,375 m3/day at reservoir conditions) for two years to build the 
pad gas; 
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(ii) Inject CO2 at a rate of 0.75 Mt/year (4,000 m3/day at reservoir conditions) for one month; 
(iii) Produce CO2 at a rate of 0.75 Mt/year (4,000 m3/day at reservoir conditions) for another month; 
(iv) Repeat the cycle of injection and production for four years. 
For the cases where we inject methane instead of carbon dioxide, the same schedule is followed, 
matching the volumetric rates at initial bottom-hole conditions. The flow rates as illustrated in Figure 1(a) 
were prescribed in the simulator as the primary constraints. A secondary constraint was also prescribed, 
limiting the maximum pressure during injection to 90% of the fracture pressure, with an assumed fracture 
pressure gradient of 18.1 kPa/m (0.8 psi/ft). Injection and production took place through the same bi-
directional well. Well placement was not optimized for each realization in this study. 
Figure 1(a) shows the injection/withdrawal schedule for the CO2 injection, showing the steady build-
st two years, followed by shorter cycles of injection and withdrawal. Figure 
1(b) shows the relative permeability curves prescribed in the simulator. The relative permeability curves 
were obtained from core flood experiments conducted on a strongly water-wet rock for a CO2/brine 
multiphase flow system [5]. These relative permeability curves were used for both methane and carbon 
dioxide, to limit the number of varied parameters. 
 
(a) (b) 
Figure 1: (a) injection and withdrawal schedules of the CO2 case; (b) relative permeability curves for water and gas 
used in simulator. The same relative permeability curves were used regardless of the type of gas. 
2.3 Fluid properties of CO2 and CH4  
Table 1 shows the fluid properties of carbon dioxide, methane, and water used in the simulations. The 
compressibility was approximated as the change in density for a small change in pressure at the reference 
pressure of interest. Each fluid compressibility was calculated at the reference pressures of 101 kPa at 
surface conditions, and 15,120 kPa at bottom-hole conditions respectively. The fluid compressibility was 
calculated as follows: 
 
Cg  = ( 1 - ref)/[(P1 - Pref)· ref]        (1) 
 
where Pref  is the pressure at the reference pressure, P1 is the reference pressure plus a small change in 
pressure (i.e. P1 - Pref of 10 kPa used in these calculations), ref is the fluid density at Pref, and 1 is the 
fluid density at P1. 
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Table 1: Fluid properties of carbon dioxide, methane, and water. Compressibility is calculated using equation (1). 
 
 Properties CO2 CH4 H2O Sources 
Surface conditions, 
101 kPa, 15 °C 
Viscosity, cp 0.0144 0.0109 1.14 NIST [6] 
Density, kg/m3 1.87 0.680 999 NIST [6] 
Z - factor 1.31 0.998 N/A [7] 
Compressibility, 1/kPa 9.95E-3 6.73E-5 0 calculated 
Bottom-hole conditions,  
15,120 kPa, 72 °C 
Viscosity, cp 0.0369 0.0163 0.397 NIST [6] 
Density, kg/m3 494 92.8        983 NIST [6] 
Z - factor 0.474 0.920 N/A [7] 
Compressibility, 1/kPa 9.12E-5 0.109 4.12E-7 calculated 
 
 
3. Results 
 
3.1 Pad gas injection, Recovery Factor, and Water Production  
 
The key parameters that determine storage site performance include: (i) the ability to inject sufficient 
pad gas into the storage formation; (ii) the ability to subsequently recover gas on an as-needed basis; and 
(iii) the rate of water production associated with gas production. The recovery factor FR at a certain time 
is defined as the cumulative gas produced divided by the cumulative working gas injected (i.e., 
cumulative gas injected minus the pad gas). In other words,  
 
FR (t)  = Qproduced(t) / (Qinjected(t) - Qpad)       (2) 
 
For all of the figures in this paper, we display the recovery factor for t = 4 years into the injection and 
withdrawal cycles (i.e. at the end of the simulations). Figure 2(a) 
factor versus the pad gas injected for all realizations and both gases. Pad gas injected is normalized by the 
target pad gas for the CH4 and CO2 cases respectively. From Figure 2(a), we can conclude that the 
recovery factor is only somewhat correlated to the ability to inject sufficient pad gas. However, this 
conclusion is deceptive, since a tight formation that accepts very little pad gas would also be unable to 
produce the required amount of gas on demand. In this situation, the values of cumulative production and 
cumulative working gas injection are both reduced, so that the value of FR is only slightly modified. 
Figure 2(b) tells the other half of this story, showing the gas recovery normalized by the target recovery 
as a function of the ability to inject the pad gas. As shown in Figure 2(b), gas recovery is somewhat 
correlated to successful pad gas injection. However, for cases that have greater than 90% of the target pad 
gas injected, gas recoveries still range from 0.4 to 1. This is most likely due to the unfavourable mobility 
ratios during gas injection into the aquifer for both CH4 and CO2. The end-point mobility ratio is defined 
as the mobility of the displacing fluid divided by the mobility of the displaced fluids, i.e.  
 
M = (k r,g /g )/ (k r,w /w )        (3) 
 
where k r,g and k r,w is the end-point gas and water relative permeability respectively, and g and w are the 
gas and water viscosities respectively. In the case of CO2 and CH4 injection into brine, these ratios are 8.6 
and 19.5 respectively  much greater than 1  and thus likely to lead to fingering (at the small scale) and 
exacerbate channeling (at the large scale). These unfavourable ratios cause the gases to rapidly channel 
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away from the well through high permeability streaks, potentially leaving the gas out of reach as water 
encroaches during gas production.  
 
 
(a) (b)  
Figure 2: (a) Recovery factor versus pad gas injected for 55 realizations, for both CO2 and CH4; (b) Recovery 
efficiency versus pad gas efficiency. 
To further clarify how different the storage site performance is depending on fluid properties, we turn 
to Figures 3(a) and (b). Figure 3(a) shows the cumulative distribution function (CDF) of gas recovered, 
for the CH4 and CO2 cases, respectively. Figure 3(b) shows the CDF of the pad gas injected, normalized 
by the target pad gas volume. These results show that for a given geologic realization, CH4 is more likely 
to meet both the required target pad gas injection, as well as the intended gas recovery. On the other hand, 
for geological realizations that exhibit better well performance (i.e. higher gas recovery and successful 
pad gas injection), CO2 and CH4 exhibit similar performance. For example, the P-60 value for pad gas 
injection is 0.95 for CO2, and very close to 1 for CH4. The P-80 value for gas recovery is 0.85 for CO2 vs. 
1.0 for CH4. For the realizations that did not meet the target pad gas, the bottom-hole pressure reached the 
injection pressure constraint (90% of fracture pressure) before the target injection rates could be met, 
mostly likely due to low permeabilities.   
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(a) (b)
Figure 2: (a) Cumulative probability of recovery factors for 55 realizations; (b) Cumulative probability of pad gas
injected.
Figures 4(a) and (b) show the produced water to produced gas ratios at bottom-hole conditions through 
time using the 55 realizations for CO2 and CH4 respectively. In each plot, the realization that resulted in 
the overall highest water gas ratio was highlighted in dark blue (this was realization number 35 with less
sucessful pad gas injection and low gas recovery for both CH4 and CO2: see Figure 5, column 3). The
production of CH4 has successively higher water production associated with it especially at later times, 
meaning that once water encroachment occurs, this process is likely irreversible. This is not entirely
surprising, as CH4 has greater mobility, and perhaps more importantly for water production, greater 
buoyancy. Therefore, CH4 travels faster and rises above the horizontal well more rapidly (located 12
meters below the cap rock), increasing the susceptability of the storage operation to water encroachment.
(a) (b)
Figure 3: Produced water to produced gas ratio at bottom-hole conditions through time for (a) CO2 withdrawal and;
(b) CH4 withdrawal. The simulation (realization number 35 for both cases) that gives the overall highest cumulative
water produced is highlighted in dark blue.
3.2 Performance differences between geological realizations
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To gain a better understanding of the differences between the various geological realizations that 
resulted in wildly different performance metrics in terms of recovery and pad gas, we extracted 3 cases 
out of the 55 simulations that displayed different degrees of gas recovery and pad gas attained. Figure 5 
shows the spatial distribution of CO2 and the permeability around the well for these three cases. Case 1 
(column 1) is the best-case scenario, where a high recovery factor and a full pad gas (at 1 Mt) were 
achieved. Permeabilities are high (~130 mD) in the grid layer where the the horizontal well is completed, 
with lower (6  78 mD) permeabilities in surrounding grid blocks. With this reservoir set-up, the 
injectivity is optimum (meeting the pad gas target) and the CO2 remains localized around the well, 
improving the ease of CO2 recovery. 
 
 
Case 1 (Realization# 10):  
high FR: 0.95;  
high pad gas mass: 1.0 Mt 
Case 2 (Realization# 237): 
high FR: 0.86;  
low pad mass: 0.43 Mt 
Case 3 (Realization# 35):  
low FR: 0.35;  
low pad mass: 0.036 Mt  
 
 
A 
 
B 
C 
 
D 
Figure 4: Rows: (a) Gas mass density in kg/m3, at the end of injection of cycle 2; (b) gas mass density at the end of 
withdrawal of cycle 2; (c) areal view of permeability distribution in the well layer; (d) 3-D view of permeability 
distribution. Columns: three representative realizations. 
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For case 2 (column 2), the recovery factor is high but the amount of pad gas injected is low. The fluid 
extent is smaller both right after injection and production, compared to case 1.  Compared to case 1,  the 
permeabilities at close proximity to the well are lower (1  33 mD) for this case; and given the smaller 
amount of pad gas injected, it is not surprising that the saturation difference between the end of an 
injection and the end of a production cycle is quite large. For case 3 (column 3), both the recovery factor 
and the amount of pad gas injected are low. Without enough pad gas, it is impossible to achieve a good 
recovery.  The areal permeability field shows that permeabilities are less than 1 mD around the well. For 
both cases 2 and 3,  with lower permeabilities at the well, the bottom-hole pressure reached the pressure 
limit (90% of fracture pressure) before the target injection rates could be met.  
 
3.3 Evaluating well performance using hysteresis plots 
 
Monitoring of underground natural gas storage reservoir performance involves continual plotting and 
analysis of the pressure-inventory data on so-called hysteresis plots. Depending upon the nature of the 
reservoir, the hysteresis plots can be used to identify volumetric performance, leakage, bubble expansion, 
water efflux or influx into the system, and so forth [8]. The versatility of hysteresis plots makes them an 
attractive tool for performance monitoring, and hence we present such plots in Figure 6 for one 
CO2 injection (Figure 6(a)) and CH4 injection (Figure 6(b)) respectively. 
Figure 6 shows the grid block pressure at the tip of the horizontal well vs. gas inventory in the 
reservoir. It is observed that when both gases have similar volumes of produced gas (similar swing in 
inventory from beginning to end of a production cycle), CO2 has a higher pressure drop over successive 
cycles.  
 
 
(a) (b) 
Figure 5: Hysteresis plots of well block pressure against inventory with constant rate constraints for the (a) CO2 case; 
(b) CH4 case. 
Defining the expansion pressure Pe(n) as the difference between the reservoir pressure (measured 25 m 
away from the well) before any cycling occurs (P0) and the reservoir pressure at the same location just 
prior to the n-th injection cycle Pinj(n) (see Figure 6(a) for an illustration of  Pe(1)), 
 
Pe(n)  = P0  Pinj(n),         (2) 
 
we can see that the expansion pressure increase is the highest at early times, and stabilizes over time, as 
shown in Figure 7(a). The expansion pressure increase is higher for CO2 (also see Figure 6), meaning that 
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the pressure drop in the reservoir is more significant than it is for CH4. This could indicate either an 
pressure 
dissipation and/or aquifer support), or loss of the pad gas to dissolution. To test the role of CO2 
dissolution, a set of simulations were done with the CO2 dissolution effect turned off (see Figure 7(a)). 
Also, to test the role of pressure dissipation through water influx/efflux, another set of simulations were 
done with a different operational schedule: the injector well was shut-in for 1 year following injection of 
the pad gas (see Figure 7(b)). Figure 7(a) shows that the expansion pressures are slightly higher (green 
curve versus red curve) at later times when the dissolution effect was turned off for CO2, implying a small 
loss of gas inventory to dissolution. The effect of pressure dissipation through water influx/efflux is much 
greater than the role of dissolution, as shown by the expansion pressures in Figure 7(b): shutting in the 
well for a year results in expansion pressures that are less than half of what they would have been if the 
cycling had started without the shut-in condition. Alternatively, the expansion pressures recorded after a 
year of shut-in is roughly equal to the expansion pressure curve in Figure 7(a) after cycle #6 (i.e. 1 year); 
indicating that the expansion pressure depends on the bubble-aquifer interaction rather than the injection / 
withdrawal schedule. For all cases, the expansion pressure stabilizes around cycle number 30 (i.e. 5 years 
into cycling), the expansion pressures start to stabilize, suggesting a stabilized gas . 
 
(a) (b) 
Figure 6: Expansion pressure vs. cycle number (a) with constant rate constraints; (b) with the injector well shut-in for 
1 year before cycling starts. 
Concluding Remarks 
In conclusion, this study shows that a storage site that is likely to perform well for CH4 storage, will 
also do well for CO2 storage, and vice versa. However, for a given site, CH4 has a greater probability of 
 rates due to its lower viscosity; however it also exhibits 
greater probability of co-producing more water upon recovery o  again due to the 
higher mobility ratio between CH4 and brine as compared to the mobility ratio between CO2 and brine. 
Future work would benefit from optimization of geologic-realization- dependent well placement and 
completion.  
Hysteresis plots and expansion pressure plots suggest that CO2 gas inventory loss to dissolution, 
relative to the overall gas inventory, is negligible. These plots indicate that after five years of cycling gas 
injection / production, the spatial extent of the gas stabilized and thus the storage formation 
deliverability can possibly be maintained thereafter. As seen from the application of the hysteresis plots 
and expansion plots in this study, these plots have been and could serve as useful diagnostic tools for 
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monitoring real field operation of a storage site  to test the roles of gas expansion and/or water 
influx/efflux in the reservoir system.  
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